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Accepted 14 September 2016We introduce a simple and cost-effective scheme for bio-sensing using nano-ripple structures. One dimensional
metallic nano-ripple structures formed by gas cluster ion beam irradiation have shown polarization of light as
well as localized surface plasmon resonance. These localized surface plasmon resonance based bio sensors not
only are capable of label free real time analytical detection but also show high sensitivity. The nano-surface mor-
phology determines the changes in the plasmonic properties of nano-structures hence the plasmonic response is
tunable. By adsorbing a mono-layer of thiolated organic compound on the surface of these substrates we identi-
ﬁed the shift in the localized surface plasmon resonance peaks triggered by the change of dielectric function in
the neighborhood of the structures. These plasmonic nano-metallic structures can be utilized to observe the
change of localized surface plasmon resonance frequency due to the cycle of adsorption, re-adsorption and reac-
tions taking place on the surface that can potentially be mapped in to reaction mechanics. The bio-sensor has
monolayer molecule-coating sensitivity and speciﬁc selectivity. This study can be extended to sensing biological
molecules such as proteins, DNAs, antibodies and antigens.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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There is a growing interest in developing nano-biosensors with high
sensitivity and selectivity in the scientiﬁc community due to its various
advantages [1–2]. The localized surface plasmon resonance (LSPR)
based sensors offer the beneﬁt of low cost instrumentation, label free
detection, high sensitivity, speciﬁc selectivity and easy conﬁguration
in addition to its ability of real time detection [3–5]. These optical
nano-biosensors have proved very useful in applications in wide range
ﬁelds such as drug screening, DNA recognition, environmentalmonitor-
ing and various chemical and biomolecular detection [6–8]. Researchers
currently are investigating ways of developing an LSPR based sensor
with better performance. The most common method that the scientists
have employed is building the nano-sensor by chemically immobilizing
metal nanoparticles on a functionalized optically transparent surface [9]
and using an optical transducer that can translate the biomolecular in-
teraction into a quantiﬁable signal in order to detect the speciﬁc biomol-
ecule [5]. The unique optical property and bio-compatibility of gold has
encouraged scientists to utilize it for biosensing applications [10–11].
We have demonstrated an LSPR based gold nano-ripple biosensor that
is produced in a single step process using gas cluster ion beam (GCIB)
system [12–14].ston, TX 77204, USA.
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. This is an open access article underIn the recent years the increase in nano-scale applications has creat-
ed signiﬁcant interest in self assembled pattern formation due to ion
beam irradiation. Nano-patterning and modiﬁcations require nuclear
collision between ions and substrate atoms in less than 100 eV energy
range. Compared to monomer ion beams the cluster ion interactions
with the surface produces unique structural alterations because of
their capability to deliver a very low particle energy beam (a few eV's)
with high current density. Upon impact the cluster ions [15] simulta-
neously arrive at the same location and transfer their high total energy
to a small impact volume (of the order of a tens of angstroms). Due to
high energy density collisions, extreme pressure and temperature con-
ditions are generated. Consequently, dissociations close to the surface
create synergetic reactions that produces a high sputtering yield and
strong enhancement in chemical reactivity and diffusion.
Gas cluster ion beam forms nano-ripple structures on a thin metal
surface at oblique angle incidences [16]. When thousands of very low
energy atoms simultaneously bombard the surface of a target at an in-
clined angle to the normal, a nano-ripple pattern is formed because of
the lateral sputtering of the surface atoms. Cluster formation is a compli-
cated process and the theoretical descriptions of this process are limit-
ed. First model explaining ripple formation and mechanism was
derived byBradley andHarper [17] on solidmaterials. It predicts the lin-
ear growth of ripples, but does not predict ripple saturation. The
Makeev, Cuerno and Barabási (MCB) model [18] modiﬁed the Bradley
and Harper model and included the non-linear terms that depend on
the random ion ﬂux and the slope of the surface and consideredthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Most theoretical calculations of ripple formation illustrate coupling of
mobile surface atoms and monomer ions.
LSPR based gold nano-ripple biosensor has the beneﬁt of low cost of
fabrication, real-time monitoring capability and large surface area cov-
erage for label free biosensing purposes. The light scattered from the
metal nano-structure show a peak intensity at the resonantwavelength
of the nano-ripples depending on their dimensions [16], where it cou-
ples with the electric ﬁeld of the incident light (Fig. 1a). The nano-ripple
pattern act as a probe for the detection of biomolecules immobilized on
the surface by sensing the change in the dielectric environment and al-
tering the resonant wavelength [19–20]. The LSPR peak shift acts as a
biomarker that identiﬁes the speciﬁc biomolecule attachment [21].Fig. 1. (a) A schematic diagram illustrating that the light scattered by the gold nano-ripple patte
the spectrometer. (b) A schematic diagram showing how the technique can be used for antibod
LSPRwavelength due to the change it creates in thedielectric environment. If the antibody happ
causes another shift in the scattering spectra. If this change in the spectral peak is studied in real
reaction mechanism.The nano-gold surface can be functionalized by thiolated organic
compounds due to the strong afﬁnity of gold to the thiol group of
these compounds. The property of gold to make a strong bond with
the thiol group of organic compounds enables it to achieve stable and
uniform monolayer of these organic compounds on its surface. This
monolayer can act as a cross-linker for binding antibodies and make
them sterically accessible for the target antigen as illustrated in Fig. 1b
and thus can be used for studying antibody-antigen reaction dynamics
[22–23] by detecting the change in the LSPR resonance wavelength
due to adsorption, dissociation and regeneration of the surface in real
time as shown in Fig. 1c and various other such mechanisms.
In this paper we show the dependence of LSPR spectral peak on the
nano-ripple dimension and its saturation point, and the bio-rn shows peak in the intensity at the LSPRwavelength in the scattering spectra collected by
y-antigen reaction study. When the antibody is immobilized on the surface it changes the
ens to exist in a systemwith its speciﬁc antigen, the antigenbinds on the antibody sites and
time a graph such as the one shown in (c) is obtainedwhich explains the antibody-antigen
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tions using various simple organic compounds with thiol groups indi-
cating the potential of this LSPR-based sensor for future studying
ligand-receptor binding, antibody-antigen reaction dynamics, adsorp-
tion and dissociation kinetics, drug delivery, protein-DNA interaction
and various bio-reaction studies using real time detection technique.
By studying reaction dynamics, the rate atwhich the body responses
to a certain drug can be understood, which plays a signiﬁcant role in
making drugs and studying their effects on human body. Researchers
are devoted in developing biosensors with improved capabilities of di-
agnosis and monitoring of diseases and drug delivery. Our LSPR based
sensor has a sensitivity of 266.66 nm/RIU. With increased control and
uniformity of the nano-rippled gold structure we believe we can make
it a useful and reliable technique for biosensing purposes.Fig. 3. The visible optical scattering spectra of nano-rippled gold substrate formed by the
ﬂuence of 2 × 1016 clusters/cm2. The LSPR peak occurs at 674 nm wavelength and by
changing the polarization of the incident light we observe the disappearance of the peak
when the incident electric ﬁeld is parallel to the nano-ripple dimensions showing the
polarization dependence of these nanostructures.2. Experimental procedure and setup
The key element of our sensor is a gold ﬁlm with nano-scale ripple
pattern on a substrate. The nano-ripple structure is formed by argon
cluster ion beam bombardment at an inclined angle of 60°. Each cluster
has almost 3000 atomsof argongas and is striking a 100nmthin layer of
gold ﬁlm. Nano-ripples are formed as a result of the forward sputtering,
and forward surface diffusion of the gold atoms [12–14,24].
Fig. 2 shows our experimental setup. A white collimated beam of
light passes through the polarizer and is focused on the gold rippled
samples. The scattered light is captured by the spectrometer through
the optical ﬁber and reads the intensity spectra vs the wavelength of
light. In this setup we use the microscope to make sure every time we
take the spectrum at the same point on the sample to maintain the uni-
formity of our reading and have a ﬁx reference point.
The scattering spectra from the structure formed by the ﬂuence of
2 × 1016/cm2 of the argon gas clusters gives a peak in the intensity at
the resonant wavelength. By changing the polarization of the incident
electric ﬁeld from 90° to 45° and then to 0° we recorded the change in
the spectral resonance intensity in order to observe the polarization de-
pendence of the LSPR spectral peak, Fig. 3.
Fig. 4b shows the AFM image of the one dimensional nano-ripple
pattern formed by the ﬂuence of 1 × 1016/cm2, 2 × 1016/cm2,
4 × 1016/cm2 and 5 × 1016/cm2. The nano-ripple dimension is modiﬁed
by the change in ﬂuence of argon clusters producing these nano-pat-
terns. The LSPR spectrum from these nano-structures is shown in the
Fig. 4a. In this article the resonance peaks for 1 × 1016/cm2, 2 × 1016/
cm2 and 4 × 1016/cm2 are slightly different from our previouslyFig. 2. Experimental setup used to collect scattering spectra from the gold nano-ripple
structures.reported paper [16]. This is because before we took the spectrum, the
nano-ripple surface was being sprayed by nitrogen gas to get rid of
any dirt on the samples and cleaned in UV-ozone cleaner for 15 mins
to avoid any organic compound pre-attachment to ensure exact LSPR
peak.
In order to measure the sensitivity of this optical nano-ripple gold
biosensor, we studied the shift in the LSPR spectral peak with water
and ethanol. Multiple secondary peaks were observed in the spectrum
as seen in Fig. 5. The sensitivity and biocompatibility of the nano-metal-
lic ripple surface is checked by introducing it to an organic compound
with high afﬁnity to gold. The cleaned ripple surface of 2 × 1016/cm2
nano-structure is functionalized with a mono-layer of 4-methyl-
benzenethiol (4MBT) by dipping the sample in a 0.02 M of 4MBT solu-
tion (0.285 g of 4MBT in 10 ml of ethanol) for 2 h. It is then washed
with ethanol to get rid of excess 4MBT in order to achieve a uniform
and stable monolayer of 4MBT adsorbed on the nano-ripple gold sur-
face. Later on dried using nitrogen gas. With a mono-layer of 4MBT
we see a resonance shift of 26 nm, shown in Fig. 6.
We repeated the same experiment on 1 × 1016/cm2, 4 × 1016/cm2
and 5 × 1016/cm2 nano-ripple structures. In Fig. 7 we plotted the shift
in the plasmonic resonance wavelength in nanometers (nm) vs the
ﬂuence that determines the dimension of the structures. The plasmonic
resonance wavelength shift with monolayer of octanethiol,
dodecanethiol and cysteamine hydrochloride is shown in Fig. 8.
3. Results and discussions
LSPR spectral curve shows a peak in the intensity at the resonance
frequency of the structures where the electric ﬁeld of the oscillating
conduction electrons inside the metal nano-ripple couples with the
electric ﬁeld of the incident light. The visible optical scattering spectra
of nano-rippled gold substrate formed by the ﬂuence of 2 × 1016/cm2
shows LSPR peak at 674 nm. As we change the polarization angle from
90 to 45°, we see a drop in the intensity peak at 674 nm and when the
incident E ﬁeld is parallel to the ripples at 0° the LSPR peak disappears.
Changing the polarization of the incident light will change the intensity
gradually and with E ﬁeld parallel to the ripple pattern we observe no
resonance at all. We have discussed this phenomenon in our previous
paper [16]. LSPR depends on the polarization of the incident beam and
it disappears if the dimensions are larger than thewavelength of the in-
cident electromagnetic light.
Fig. 4. (a) The graph illustrates the fact that different dose of the gas clusters form nano-ripples of different dimension and thus the LSPRwavelength is different for them. The AFM images
of these structures are shown in (b). The average maximum height and root mean square wavelength of the proﬁle of each nano-ripple structure is shown in the Table 1.
Fig. 5. The shift with water and ethanol on nano-rippled gold structure formed by the
ﬂuence of 2 × 1016 clusters/cm2. The sensitivity of this sensor is 266.66 nm/RIU.
Fig. 6.Monolayer of 4-methyl-benzenethiol (4MBT) on nano-ripple structure produced by
the dose 2 × 1016 clusters/cm2 shifts the LSPR peak to 26 nm.
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incident cluster ion beam since it determines the dimension of the
nano-ripple. The plasmonic behavior is extremely sensitive to the
nano-ripple size and can be modulated by changing the nano-ripple
size, shape, the separation between the nanoripples and the dielectric
constant of the environment above the ripple surface [25,26]. As we in-
crease the ﬂuence from 1 × 1016/cm2 to 4 × 1016/cm2 the width of the
nano-ripple is increasing as the AFM images indicate and the corre-
sponding LSPR wavelength increases accordingly. However increasing
the cluster ﬂuence beyond the ﬂuence of 4 × 1016/cm2 shows that the
wavelength of the nano-ripples is not increasing any further but the
height of the ripple is decreasing. This occur because of the sputtering
of the gold atoms due to constant bombardment.
The LSPR for 1 × 1016/cm2 and 4 × 1016/cm2 occurs at 608 nm and
740 nm respectively and for the ﬂuence of 5 × 1016/cm2 the resonant
wavelength does not increase but it reduces to 731 nm due to the re-
duced height of the ripples. Thus there lies a saturation point. The
width of the nano-ripple does not increase beyond this point rather re-
duces the height of the ripples if we keep on increasing the ﬂuence due
to sputtering.Fig. 7. Plot of the shift in the wavelength caused by the monolayer of 4MBT on all four
nano-ripple structures versus the ﬂuence.
Fig. 8. LSPR peak shifts with monolayer of 4MBT, octanethiol, dodecanethiol and
cysteamine hydrochloride.
Table 2
Shows LSPR peaks and the shifts that occur with the monolayer of 4MBT from the nano-
structures.
Doses (1016
clusters/cm2)
Wavelength without
4MBT (nm)
Wavelength with
4MBT (nm)
Shift in
wavelength (nm)
1 608 638 30
2 674 700 26
4 740 751 11
5 731 747 16
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with water and ethanol and observed the sensitivity S [4] of:
S ¼ Δλ
Δn
¼ 266:66 nm=RIU
Where RIU stands for refractive index unit.
Water with a dielectric constant of 1.33, shifts 88 nm in resonant
wavelength and shows the spectral peak at 762 nmwith small second-
ary peaks at 580 nm and 453 nm. These peaks indicate the presence of
multiple resonances from the structure. The nano-ripple does not
have the same width in every dimension such as a sphere. Thus we ex-
pect multiple resonance. However the occurrence of the secondary res-
onant peaks is prominent only when we put a dielectric on the surface
and that is because of the enhancement in the electric ﬁeld. A similar
spectrum is obtained with ethanol of dielectric constant 1.36. We see
a spectral shift of 90 nm with peak at 770 nm and secondary peaks at
576 nm and 463 nm.
We want to utilize this structure for bio sensing applications. In
order to demonstrate the bio-compatibility of our sensor we modiﬁed
the gold nano-ripple surface with a monolayer of 4MBT and observed
the LSPR shift. Even with a monolayer of the organic compound we ob-
served the shift of 26 nm in the resonant frequency peak. It shows ex-
tremely high sensitivity of the LSPR from these structures that can
sense changes to monolayer scale. These LSPR based sensors can be
used as very good probes for bio-sensing.
Similar experiment was performed with 1 × 1016/cm2, 4 × 1016/
cm2and 5 × 1016/cm2 nano-ripple patterns and observed different
shifts. We noticed that as we go from 1 × 1016/cm2 to 4 × 1016/cm2
the shift with the immobilization of a monolayer of 4MBT decreases
with increased nano-ripple width (Table 2).Table 1
Illustrates the width and height of each of these nano-ripple pattern.
Nano-ripple doses
(1016 clusters/cm2)
Average maximum height
of the proﬁle (nm)
Root mean square
wavelength of the proﬁle
(μm)
1 26 514
2 40 521
4 64 555
5 59 555If number of clusters of argon atoms falling on the structures per unit
area is increased beyond4×1016/cm2, the ripple height starts to reduce.
The LSPR wavelength reduces and we see the shift in the peak increas-
ing beyond this point. On the 2 × 1016/cm2 nano-ripple gold structure
with the monolayer of adhesion of octanethiol, dodecanethiol and cys-
teamine hydrochloride the LSPR peak shift observed is 59 nm, 51 nm
and 49 nm respectively.
4. Conclusion
Cluster ion beam synthesized self-assembled gold nano-rippled
structures have potential for plasmonic sensing applications. LSPR
wavelength which is tunable based on the nano-ripple dimension
reaches a saturation point in the ﬂuence beyond which the resonant
wavelength shows a decrease due to the reduced nano-ripple height.
The LSPR peak shiftwithmonolayer adhesion of organicmolecules indi-
cates that the gold nano-ripple structure can be used for various bio and
chemical sensing applications with high sensitivity. The application of
this sensor can be extended to study antibody, antigen, drug delivery,
bio-reaction, absorption, and dissociation kinetics. We also speculate
the potential application, advantage of possibility of large surface area
coverage and applicability to different starting materials.
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